The benefit of functional genomics is to identify key pathways and functional networks of genes and candidate genes underlying the genetic control of phenotypes. Genetical genomics, i.e. the integration of genetic analysis and expression phenotypes, has the potential to uncover regulatory networks controlling the coordinated expression of genes and to map variation on the level of DNA affecting the mRNA expression. Here we illustrate our own attempts to apply functional genomics and genetical genomics approaches in order to identify functional networks of genes relevant to traits related to meat performance. Expression data of 74 M longissimus dorsi samples obtained using Affymetrix GeneChips were correlated with drip loss and principal components (PCs) with high loadings of meat quality traits. Functional annotation analyses revealed that differences in water holding capacity, early pH decline and ultimate pH were related to the ubiquitin-proteasome system, mitochondrial metabolic pathways and muscle structural aspects. In particular, 1279 genes were correlated with drip loss (P 0.001; q 0.004). Negatively correlated transcripts were enriched in functional categories like extracellular matrix receptor interaction and Ca-signalling. Transcripts with a positive correlation represented oxidative phosphorylation, mitochondrial pathways and transporter activity. A linkage analysis revealed 897 expression QTL (eQTL) with 104 eQTL mapping in QTL regions for water holding capacity including 8 cis eQTL. The reduction of the multi-dimensional data sets of meat performance traits into lower dimensions of PC and the genetical genomics approach of eQTL analysis proved to be appropriate means to detect relevant biological pathways and to experimentally prioritize candidate genes.
INTRODUCTION
In animal science attempts to use holistic gene expression profiling techniques were made in order to elucidate tissue-specific differential gene expression in relation to developmental processes and/or phenotypes. Functional genomics has the potential to elucidate functional networks of genes and gene products that are relevant to the expression and inheritance of complex traits. The results significantly improve and specify lists of candidate genes for
KlausWimmers is the Head of research unit 'Molecular Biology' at the Leibniz Institute for Farm Animal Biology (FBN). He is also the Editor in chief of 'Archiv Tierzucht. The Leibniz Institute for Farm Animal Biology (FBN) is a Member of the Science Association Gottfried Wilhelm Leibniz (Leibniz-Association (WGL), a task group of extra-universitarian research institutions in Germany. The object of the research of FBN is the farm animal, considered an essential element of both man's foundation of living and of agrarian ecosystems. FBN's research areas cover basic research as well as applied research on the biology of farm animals. The Research Unit Molecular Biology of the FBN contributes to the identification of the basic genetic and epigenetic principles in the development and differentiation of selected traits in laboratory and farm animals. Eduard Murani is heading the Junior Research Group 'Functional DNA variation' that is associated with the working group 'Genomics' led by K. Wimmers. Siriluck Ponsuksili is the responsible senior researcher of the Research Group 'Functional Genome Analysis '. economically important traits including carcass composition and meat quality.
Meat quality relates nutritional and sensory properties and can be measured by means of technological indicators such as pH, conductivity, colour, drip loss, cooking loss, thaw loss or shear force. Most of these parameters of meat quality are correlated with each other and with carcass traits. In particular, variation in water-holding capacity (WHC) is a major concern for both meat industry and consumers. Waterholding capacity can be determined as drip loss. Drip development during storage of meat is principally caused by shrinkage of myofibrils due to changes of energy reserves, pH and temperature post-mortem [1] . Genetically determined muscle properties and environmental effects influence the WHC and the rate change of pH at post-mortem, but they are still not completely understood [2, 3] . Linkage studies led to the identification of QTL for WHC ([4] , PigQTLdb).
Genetical genomics involves expression profiling and marker-based fingerprinting of each individual of a segregating population, and exploits all the statistical tools used in the analysis of quantitative trait loci. That means that the quantitative data of gene expression analyses are handled like phenotypic data and their inheritance is compared with that of large numbers of markers applying methods of QTL analyses [5, 6] . QTL analysis of expression levels of a gene identifies genomic regions, which are likely to contain at least one causal gene with the regulatory effect on the expression level, termed expression QTL, eQTL. The potential of genetical genomics approaches is to identify regulatory networks underlying the quantitative traits and localizing genomic variation affecting the mRNA expression of a gene either within the genes itself (cis) or distant from the gene (trans). The key advantage of eQTL mapping is that it connects variation at the level of RNA expression to variation at the level of DNA.
Mainly based on our data and results, here we exemplarily describe the application of functional genomics and genetical genomics approaches in order to identify functional networks of genes relevant to traits related to meat performance and the integration of (i) information on QTL for drip ('pQTLdrip') with the analysis of (ii) trait-correlated expression and with (iii) mapping of eQTL for the corresponding trait-dependent regulated genes in order to experimentally prioritize functional positional candidate genes for further analysis.
FUNCTIONAL GENOMICS
Quantitative traits including meat performance may be influenced by the same locus (pleiotropic effects) and each single trait may be affected by several loci (polygenic effects). Most of technological indicators of meat quality are correlated with each other and carcass traits. Most breeding programmes aim to improve several traits simultaneously. Thus, the identification of biological processes influencing multiple traits is critical for gaining an understanding of the regulation of the phenotypic expression of the traits and their inheritance. Transcriptome profiling of M. longissimus dorsi offers an insight into the biological processes in the muscle and the maturing meat and their influence on meat quality. Microarrays were successfully used to obtain genes that are differentially expressed in muscle tissue due to developmental stage/age, breed or phenotype in the pig. Application-specific cDNA macro-and microarrays enabled to monitor the expression of several hundred to thousand of genes along myogenesis [7] [8] [9] [10] [11] [12] . Genome-wide microarrays covering up to more than 20 000 transcripts were used to elucidate control mechanisms of growth and meat quality traits [13] [14] [15] .
In our first attempts, M. longissimus dorsi transcriptomes of six divergent sib pairs selected from 572 F2 animals of a cross of Duroc and Pietrain (DUPI resource population) were analysed in order to identify biological processes as well as molecular markers for drip loss, a parameter for the water-holding capacity (WHC) of meat. Comparative expression profiling by hybridization of the Affymetrix GeneChip porcine Genome Arrays revealed 789 differential expressions of transcripts between the high and low WHC group at P < 0.05. Functional categories of differentially regulated transcripts were determined by a single gene analysis and a gene set analysis. The transcripts being up-regulated at high drip loss belong to groups of genes functionally categorized as genes of membrane proteins, signal transduction, cell communication, response to stimulus and cytoskeleton. Among genes down-regulated with high drip loss, functional groups of oxidoreductase activity, lipid metabolism and electron transport were identified. Differential regulation of the abundance of transcripts of these biological networks in live muscle affects post-mortem biochemical processes of meat maturation [14] .
Taking into account the correlation that exists between meat performance traits, we aimed to extend our efforts to study the differential expression associated with meat quality by combining the holistic microarray expression analysis of muscle at the peripubertal stage with the principal component analysis (PCA). The PCA is an effective procedure for gaining an understanding of the relationships between traits in a complex multi-trait set of data measurement. PCA is a technique for reducing multi-dimensional data sets into lower dimensions for analysis, i.e. phenotypes are redefined in terms of PCs, which are synthetic variables composed of linear combinations of the original traits. The analysis is suitable to distil a genetic signal from a large number of correlated phenotype measurements.
In our study, PC analysis was performed to reduce the dimensionality of the data from the original 19 traits related to muscle and carcass properties to four PCs, where each PC is a linear combination of all traits without a significant loss of information [16] . Therefore, phenotypic data of F 2 animals (n ¼ 572) were collected following the guidelines of the German performance test [17] . The procedure 'Factor' of the SAS software package (SAS System for Windows, Release 8.02) to derive PCs based on phenotypic data of 572 DUPI animals revealed eight independent principal components that accounted for 80% of the variation. The first four components accounted for 60% of the variation and could clearly be assorted as carcass or meat quality vectors based on their high loading for some traits. Whereas the first principal component (PC1) with high loadings for meat to fat ratio and various fat measures could be regarded as a carcass or fat vector, the second and third principal components (PC2 and PC3) were meat quality vectors. PC2 had high loadings for ultimate pH (pH at 24 h post-mortem in M. longissiumus dorsi and M. semimenbranosus, pH24ld, pH24sm) and meat colour which were inversely correlated with drip loss. PC3 was a meat quality vector with large positive contribution of conductivity (conductivity at 1 and 24 h post-mortem in M. longissiumus dorsi and M. semimembranosus, LF1ld, LF24ld, LF24sm) and drip loss and negative contribution of pH1ld. Finally, the fourth principal component (PC4) was a mixed carcass and meat quality vector with high loadings for shear force and loin eye area. The other PCs showed profiles of loadings with no particular pronouncement of any of the 19 traits included. Expression profiling of M. longissimus dorsi was conducted on 74 F2 animals of a previously well-defined resource population (DuPi) [18, 19] . Pearson's correlation between the expression data of each of the 11 453 genes was present according to MAS5.0 analysis and the PCs revealed sets of specific genes that make the largest contribution to the variation of these PCs. In order to address genes and networks with impact particularly on technological measures of meat quality related to WHC that are selection criteria in pig breeding, our focus was on PC2 and PC3 with high loadings for these meat quality traits. In contrast, PC1 and PC4 have high loadings of traits related to body composition that are more dependent on the regulation of the metabolic status by genes active in the liver rather than on muscle transcripts. PC2 is positively correlated with 608 genes and negatively correlated with 560 genes. PC3 shows positive or negative correlation with 525 and 589 genes, respectively. The correlation coefficients at P ¼ 0.05 ranged between 0.24 and 0.50. The observed false discovery rates were 0.08-0.34 which were reasonable for a microarray study, in particular, considering the relatively relaxed P-value (P 0.05). The major loadings of PC2 and PC3, respectively, show inverse contributions to these principal components, which is in line with the correlations obtained for the individual traits of pH24ld, LF24ld and drip loss. Consistently, numerous genes positively correlated with PC2 are negatively correlated with PC3 and vice versa, which becomes also obvious during the following bioinformatics analyses of the biological significance of PC-related gene expression and which provides further support of the consistency of microarray analyses. Lists of significantly correlated genes were analysed for enrichment of functional annotation groups as defined in the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases as well as the Ingenuity Pathways Analysis library. The functional groups of the ribonucleoprotein complex, the endoplasmic reticulum and the ubiquitin cycle are negatively correlated with PC2 but positively correlated with PC3. Many of the genes belonging to the categories covering ATP-binding, ATPase activity, phosphorylation and mitochondrion are positively correlated with the loading of PC2 and negatively correlated with PC3. An overall analysis of merged lists of genes with those negatively correlated with PC2 but positively correlated with PC3 and vice versa highlights the cellular component ribosome and the ubiquitination pathway as specifically enriched for the first group and mitochondrial processes, ATP-binding and muscle filaments in the second (Tables 1 and 2 ). This indicates that differences in water-holding capacity, early pH decline and ultimate pH depend on functional networks related to these GO terms. The canonical pathways of actin cytoskeleton signalling, PDGF signalling, EGF signalling, VEGF signalling, calcium signalling, ubiquitin cycle, integrin signalling, phosphorylation and mitochondrion dysfunction were found to be correlated with the meat quality. Among the significantly trait-associated genes, CAPZB, ANKRD1 and CTBP2 were promoted as candidate genes for meat quality that provide a link between the highlighted pathways of the ubiquitin-proteasome system, mitochondrial metabolic pathways and muscle structural components [16] .
Following the concept of interactions on the level of DNA, RNA, proteins and metabolites that contribute to the expression of the phenotype as a whole, i.e. a kind of 'habitus', with many correlated traits, here the PCA was successfully applied to scale down the multi-dimensional traits to two principal components representing the main indicators of meat quality and was combined with microarray expression profiling [16] . The outcome of bioinformatic analyses of microarray experiments are functional networks of genes reflecting interactions at the level of DNA, RNA or proteins. Functional annotation analyses revealed important pathways including the ubiquitin-proteasome system, mitochondrial metabolic pathways and muscle structural aspects.
GENETICAL GENOMICS APPROACH
Quantitative differences of the abundance of transcript are an important source and cause of variation at the level of the final phenotype including various traits of interest in animal breeding. Genetic analysis of transcriptomic variation, i.e. the combination of genetic linkage data of DNA and information of the abundance of RNAs, is a promising approach for identifying biological pathways and dissecting the genetics of complex traits. Genetical genomics means that the quantitative data of transcript abundance are used as phenotypic data (here termed 'expression phenotype') and their inheritance is compared with that of large numbers of markers applying methods of QTL analyses. QTL analysis of expression levels of a gene identifies genomic regions, which contain the DNA variation with regulatory effect on the expression level, termed expression QTL, eQTL [5, 6] . Thus the term 'eQTL' refers to the loci that control the abundance of particular transcripts, the expression phenotype. Mapping of eQTL to the gene itself indicates that cis changes are responsible for the different expression levels, whereas mapping positions of eQTL different from the position of the corresponding genes indicate trans-regulation. These data allow deriving regulatory networks of genes. However, in order to link the eQTL to the genetic background of a classical phenotypic trait of interest, it is necessary to establish a relationship between the variation of that classical phenotypic trait and its corresponding QTL position (QTL for classical phenotypic traits are termed here pheneQTL ¼ pQTL in contrast to expressionQTL ¼ eQTL) on the one hand, and either the expression level of that particular transcript or the mapping position of the eQTL on the other hand. Differential expressed genes at the variable level of a trait of interest, where eQTL mapping indicates cis regulation of those genes, are more likely to represent the 'cause', i.e. the genetic background of the trait of interest, whereas differential expression of genes showing trans-regulation may represent the 'effect', i.e. pathways that are affected by causal variation. There are numerous publications highlighting the possible merits of 'genetical genomics' applications in livestock breeding [20] [21] [22] [23] and/or addressing issues of data evaluation and experimental design in silico [24] [25] [26] [27] [28] [29] . For the identification of genes and pathways with cumulative evidence of their involvement in the biology of traits related to meat quality, we integrated (i) information on QTL for drip loss (pheneQTL ¼ pQTL; pQTLdrip) with the analysis of (ii) trait-correlated expression and with (iii) mapping of expression QTL (eQTL) for the corresponding trait-dependent regulated genes [15] (Figure 1 (ii) The 96 eQTL detected within pQTL, for which the functional candidate genes themselves is located elsewhere, i.e. trans control, are influenced by hierarchically superior genes located in the pQTL that actually represent candidate genes (positional candidate genes). (iii) For 66 functional positional candidate genes being under trans control, it can be speculated that the nature of variation affecting the phenotype is the differential expression due to polymorphisms in hierarchically superior genes and different responsiveness of the candidate genes to regulatory mechanisms. The cis regulated positional functional candidate genes include AHNAK, SLC3A2, MAP4K4, USP39, hypothetical protein (LOC162073), PRC,BBS2, COQ9. The candidacy of these functional positional candidate genes has three-fold experimental evidence: trait correlated expression, cis-dependent transcriptional regulation and mapping in a QTL for the trait of interest. For AHNAK, SLC3A2 and MAP4K4 also knowledge of their function supports their candidacy: AHNAK is a functional candidate gene due to its role in muscle contraction, cell adhesion and proliferation as well as its interaction with calcium. MAP4K4 a member of the serine/threonine protein kinase family is involved in MAPK signalling for cell proliferation and differentiation and glucose uptake. SLC3A2 is a member of the solute carrier family and encodes a cell surface, transmembrane protein. It associates with integrins and mediates integrin-dependent signalling related to normal cell growth. Information about the function of BBC2, PRCC, USP39, LOC162073 and COQ9 are too limited to allow deducing functional links to the trait drip loss or other candidate genes for this trait.
The study revealed a network of genes relevant to the trait of interest representing additive and pleiotropic as well as non-additive, epistatic effects on the trait. The complex relationships between biological processes taking place in live skeletal muscle and meat quality are driven on the one hand by the energy reserves and their utilization in the muscle and on the other hand by the muscle structure itself. Holistic expression profiling was integrated with QTL analysis for the trait of interest and for gene expression levels for creation of a priority list of genes out of the orchestra of genes of biological networks relevant to the liability to develop elevated drip loss. By combining map-based and function-driven data functional positional candidate genes could be identified. Adding data derived from eQTL analysis and matching these to the gene map and pQTL map allowed addressing genes with trans and cis mode of transcriptional control. In particular, functional positional candidate genes under cis acting regulation are of high priority for further analysis.
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Key Points
Functional genomics approaches provide functional networks of genes reflecting interactions at the level of DNA, RNA or proteins. The results enable deriving new hypotheses on the nature of a trait. Principle component analysis combined with holistic expression analysis is an appropriate concept to address correlated traits. Mapping of eQTL enables displaying regulatory networks and localizing genomic variation affecting the mRNA expression of a gene either within the genes itself (cis) or distant from the gene (trans). The key advantage of eQTL mapping is that it connects variation at the level of RNA expression to variation at the level of DNA. Only the latter provides versatile tools for breeding whereas the first reveals information on the biology of a trait and directs to new candidate genes. Integration of (i) information on QTL for a trait of interest in breeding (pheneQTL ¼ pQTL) with analysis of (ii) trait-correlated expression and with (iii) mapping of expression QTL (eQTL) for the corresponding trait-dependent regulated genes facilitates the identification of genes and pathways with cumulative evidence of their involvement in the biology of the traits of interest and enable to built priority lists of candidate genes. Figure 1 Outline of the integration of data from eQTL and pQTL analyses and expression profiling towards identification of candidate genes for complex classical traits. Major benefits of genetical genomics are listed that facilitate the detection of markers for genetic improvement of livestock.
